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ABSTRACT 

Th is  r e p o r t  presents the  key r e s u l t s  o f  t h e  Phase I1 e f f o r t s  f n r  the  
i n te rmed ia te  - PV 5 stem Appl i c a t i ~ n s  Experiment at. t.hp n k l  ahoma Center f o r  
Science and A r t s  T OCSA). Th is  phase o f  t h e  p r o j e c t  i nvo l ved  f a b r i c a t i o n ,  
i n s t a l  1 a t i o n  and i n t e g r a t i o n  o f  a nominal 140 kW f l  a t  panel PV system made 
up of 1 arge, square p o l y c r y s t a l l  i ne-s i1 i c o n  sol  a r  c e l l  modul es, each 
nomina l ly  61 cm x 122 cm i n  s ize .  The output  o f  the  PV modules, supp l ied  
by Sol arex Corporat ion,  was augmented, 1.35 t o  1 a t  peak, by a row o f  g l  ass 
re f1  ec tors ,  a p p r o p r i a t e l y  t i 1  t e d  northward. The PV system i n t e r f a c e s  w i t h  
t h e  Oklahoma Gas and E l e c t r i c ,  U t i l i t y  a t  t he  OCSA main switchgear. Any 
excess power generated by the  system i s  f ed  i n t o  the u t i l i t y  under a one t o  
one buyback arrangement. 

Except f o r  a s h o r t f a l l  i n  the  system output ,  p r e s e n t l y  suspected t o  be due 
t o  the  poor performance of, t he  modules, no ser ious  problems were 
encountered. C e r t a i n  va l  ue engi nee r i  ng changes imp1 emented dur ing  
c o n s t r u c t i o n  and e a r l y  opera t iona l  f a i l  ure events associated w i t h  the  power 
condi  t i o n i n q  system are  a1 so described. The system i s  c u r r e n t l y  undcrgoing 
extended t e s t i n g  and eval ua t ion .  
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SECTION 1 

INTRODUCTION AND SUMMARY 

Th i s  Phase I 1  f i n a l  r e p o r t  descr ibes  t h e  e s s e n t i a l  f e a t u r e s  and 

exper iences assoc ia ted  w i t h  t h e  design, c o n s t r u c t i o n  and i n s t a l l a t i o n  o f  an 

i n t e r m e d i a t e  photovol  t a i c  appl  i c a t i  on exper iment  a t  t h e  Okl ahoma Center  f o r  

Science and A r t s  (OCSA) i n  Oklahoma City, Oklahoma. C e r t a i n  problems 

encountered d u r i n g  t h e  implementat ion phase a re  d iscussed t oge the r  w i t h  t h e  

a p p r o p r i a t e  s o l  u t i o n s  u t i  1  i zed .  

The base1 i n e  . des ign  u t i l i z e s  a  f i e 1  d  o f  So la rex  p o l y c r y s t a l l  i n e  

s i l i c o n  (po ly -s i . )  s o l a r  c e l l  module a r rays ,  r a t e d  a t  106 kW (NOCT 4 5 O ~ ) ,  
P  

and r e f l e c t o r  augmentat ion o f  1.35 t o  1 a t  peak t o  enhance system o u t p u t  t o  

a  nominal 140 kW The system c o n s i s t s  o f  1512, 65 cm by 128.5 cm (25.6 i n  
P  ' 

by 50.6 i n . )  modules ar ranged i n  18 s e r i e s  s t r i n g s  o f  84 modules each. The 

18 s t r i n g s  a r e  d i v i d e d  i n t o  two subarrays.  The modules and r e f l e c t o r s ,  

separated by 11 inches a t  t h e  base and suppor ted by a  s tandard  s t r u c t u r a l  

s t e e l  framework, a r e  fas tened  t o  t h e  OCSA r o o f .  The modules a r e  t i 1  t e d  30 

degrees t o  t h e  south w h i l e  t h e  r e f l e c t o r s  a r e  t i l t e d  39 degrees t o  t h e  

Nor th .  The power f rom t h e  a r r a y  feeds a  Windworks synchronous i n v e r t e r  

which i n t e r f a c e s  w i t h  t h e  l o c a l  u t i l i t y  a t  t h e  OCSA main swi tchgear  t h rough  

an i s o l a t i o n / s t e p - u p  t r ans fo rmer  p r o v i d i n g  480 v o l t s  AC s e r v i c e  i n  p a r a l l e l  

w i t h  t h e  u t i l i t y  se rv i ce .  

The PV module, designed. by SAI, p rov ides  one hundred pe rcen t  c e l l  

i n t e r c o n n e c t  p a r a l l e l i s m .  Each module has 6  p a r a l l e l  s t r i n g s ,  each of 12 

c e l l s  i n  s e r i e s .  The modules a r e  i n s t a l l e d  w i t h  t h e  s e r i e s  rows r u n n i n g  

east -west .  Thus any r e f 1  e c t o r  augmentat ion o f  t h e  module, e i t h e r  p a r t i a l  

o r  f u l l  , can be expected t o  r e s u l t  i n  u n i f o r m  i 11 umi n a t i o n  o f  a  g i ven  

s e r i e s  s t r i n g  a l ong  i t s  l e n g t h ,  a1 though, depending on: t h e  p o s i t i o n  o f  t h e  

sun, augmention o f  one s e r i e s  s t r i n g  c o u l d  d i f f e r  f rom t h a t  o f  t h e  o t h e r s .  

Du r i ng  t h e  Phase I des ign  st'udy, a  d e t a i l e d  a n a l y s i s  o f  t h e  e f f e c t s  o f  non- 

u n i f o r m  i l l u m i n a t i o n  was conducted ti a r r i v e  a t  b o t h  t h e  c e l l  i n t e r connec -  

t i o n  scheme and m o d u l e - r e f l e c t o r  arir>angement t o  m in im ize  the  e f f e c t s  o f  

1 - 1 



s i n g l e  c e l l  f a i l  ures and maximize t h e  c o n t r i b u t i o n  o f  the  r e f l e c t o r s  on an 

annual bas i s .  The r e s u l t s  o f  t h i s  ana lys i s  were repo r ted  i n  t he  Phase I 

f i n a l  r e p o r t . *  

I n t e g r a l  p i g t a i l  s  w i t h  po la r i zed  mat ing connectors a re  incorpor -  

a ted  i n  each module. This ,  p l u s  the h igh  power ou tpu t  per  source c i r c u i t ,  

g r e a t l y  simp1 i f i e s  i n s t a l  1  a t i o n  and subsequent maintenance. Only f o u r  

j u n c t i o n  boxes on the  r o o f  a re  requ i red  t o  i n te rconnec t  t he  140 kWp a r ray  
t o  the  main DC bus. 

The modules i n c o r p n r a t . ~  several o the r  unique fea tur - rs :  

a Large, 10 cm x 10 cm (4"  x 4 " ) ,  square p o l y c r y s t a l l i n e  
s i l  i c o n  ( p o l y - s i  ) '  c e l l  s  were used. The p o l y - s i  c e l l  s  
were s l  i c e d  f rcm s i l  i c o n  c a s t  w i t h  a  square cross- 
sec t i on  mold r a t h e r  than from a c y l i n d r i c a l ,  s i n g l e  
c r y s t a l  normal ly  grown. The process o f f e r s  a s i g n i f i -  
can t  p o t e n t i a l  f o r  c o s t  reduc t ion .  

a A simp1 e  c i r c u i t  i n c o r p o r a t i n g  a  1  i ght-emi tti ng diode 
(LED) was i nc luded  i n  each module. The LED i n d i c a t e s  
proper  forward-b i  as condi t i o n ,  thereby simp1 i f y i  ng 
f a u l t  i s01  a t i o n  w i thou t  ex tens ive  ins t rumenta t ion .  LED 
c?l.lt i n d i c a t e s  module i s  n o t  producrrig power (e.g, . 
reversc  b i a s ) .  

Table 1-1 conta ins  a l l  key system c h a r a c t e r i s t i c s  f o r  easy reference.  

F igu res  1-1 through 1-3 a re  p i c t u r e s  o f  the  completed system. 

-- - - 

, * "A Sol ar- Photovul t a l c  F l  d t  Panel Appf i c a t i o n s  Experiment. A t  the  
Oklahoma Center f o r  Science and Ar ts " ,  F i n a l  Report for. Phase I, S~lb- 
mi t t e d  by Science App l i ca t i ons ,  I nc . ,  f o r  work performed under con- 
t r a c t  number DE-AC04-78ET 23063. 



Table 1-1. System C h a r a c t e r i s t i c s  

PHOTOVOLTAIC CELL 

P ate rial : 
Size:  
Vo1 tage : 
Power: 

P o l y c r y s t a l l  i n e  S i l i c o n  
10 cm x 10 cm (4 "  x  4 " )  - nominal 
0.44V 
1 wa t t  

MODULE 

Cover p l a t e :  5 nun (3/16")  tempered g lass  
Size:  65 cm x 128.5.crn (25.6" x 50.6") o v e r a l l  
Number o f  c e l l  s: 72 
E l e c t r i c a l  12 se r ies  x 6 p a r a l l e l  rows w i t h  100 

con f i gu ra t i on :  percent  para1 1 e l  in te rconnect ions  
Voltage: 5V (1,000 w/m2, 25 degrees cent ig rade)  
Current :  14A (1,000 w/m2, 25 degrees cent ig rade)  
Power: 70 wat ts  

SOURCE CIRCUITS ( s e r i e s  s t r i n g  o f  modules) 

Number o f  modules: 84 
Vol tage: 420V 
Current :  14A 
Power: 5,880 wat ts  ( w i t h o u t  r e f l e c t o r  augmentation) 

7,760 wat ts  ( w i t h  f u l l  r e f l  e c t o r  augmentation) 

ARRAY 

108,864 c e l l s ;  1512 modules; 18 s t r i n g s ;  two subarrays i n  p a r a l l e l  
( 126A @ 420V) 

Tota l  Voltage: 420V 
Tota l  Current :  252A 
To ta l  Power: 105,840 wat.t.5 ( w i  t h o ~ l t  r e f l  ec to r  augmentation) 

139,708 wat ts  ( w i t h  f u l l  r e f l e c t o r  augmentation) 

PEAK POWER OUTPUT 

140 kW w i t h  f u l l  r e f l e c t o r  augmentation 

REFLECTORS 

One l a y e r  o f  3 mn (1/8") s i l v e r p l a t e d  f l o a t  glass laminated t o  second 
l a y e r  o f  3 rrm (1/8")  c l e a r  g lass 
Size: 48.3 cmpx 128.5 cm 19" x 50.6") 
To ta l  area: 957.6 m (10,308 f t  1 ) 
Augmentation: 35 percent  a t  peak 



Tab1 e 1-1. System Charac ter l  stics (continued) 

POWER CONDITIONING UNIT 

S i x  p o l e  1 i ne synchronous Gemini i n v e r t e r  ' w i t h  peak power 

t r a c k i n g  

and a 1:1.33 step-up t ransformer.  

I npu t :  320 t o  450 V DC 

Output: 480 V AC 3 phase 60 hz 

Operat i  on: f u l l y  automatic 

EXPERIMENTAL DATA ACQUISITION SYSTEM 

80 sensors t o  measure vo l  tages , cur rents ,  i nstantaneous and 

cumulat ive 

power, module temperature, i n s o l  a t i  on and o ther  meteor01 og ica l  

data. 

A minicomputer scans sensors and records data on magnetic tape - 
hour ly  p r i n t o u t  o f  se lected data, p e r i o d i c  sumnaries i n  graphic 

form. 

LOCAT ION 

La t i t ude :  35' 31 57" (35,5325 degrees N )  
Longitude: 97' 28' 56" (97.4822 degrees W )  

Elevat ion :  334 m (1097 f t )  - s t r e e t  l e v e l  

348 m (1141 f t )  - top  o f  r o o f  

MODULE TILT 

30' t o  t h e  south fro111 hor i zon ta l  

REFLECTOR TILT 

39' t o  the novth f rom ho r i zon ta l  
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Figure 1-3. Close-up of Solarex Polycrystalline Silicon 2 Feet by 4 Feet Module 



SECTION 2 

SUMMARY OF THE PHASE I DESIGN 

2.1 BACKGROUND 

The s p e c i f i c a t i o n s  and design o f  t h e  OCSA pho tovo l ta i c  power 

system were developed i n  d e t a i l  i n  Phase I dur ing  the  pe r iod  October 1978 

through Feburary 1979. The OCSA s i t e  (a1 so r e f e r r e d  t o  as the  K i r k p a t r i c k  

Center) was se lec ted  from a  group o f  s i x  candidate s i t e s  f o r  t he  f o l l o w i n g  

reasons : 

The f a c i l i t y  loads were rep resen ta t i ve  o f  a  1  arge 
number o f  commercial and i n s t i t u t i o n a l  f a c i l  i t i e s  rep- 
resen t i ng  a  p o t e n t i a l  l y  1  arge market f o r  photovol - t a i c s  

The i n s o l a t i o n  and o the r  c l i m a t i c  f a c t o r s  a re  t y p i c a l  
o f  a  l a r g e  p o r t i o n  o f  t he  U.S. 

, The f a c i l i t y  s t r u c t u r e  was i d e a l l y  s u i t e d  f o r  t he  app- 
l ' i c a t i o n :  t he  e s s e n t i a l l y  f l a t  r o o f  was l a r g e  enough 
t o  accommodate an a r ray  t h a t  cou ld  supply the  p ro jec ted  
peak loads, i t s  ' o r i e n t a t i o n  was E-W, and the  r o o f  
needed no re inforcement  t o  accommodate t h e  added loads 

The surrounding t e r r a i n  was e i t h e r  parkland, zoo, o r  
under c o n t r o l  o f  OCSA, making .It v i r t u a l l y  immune from 
c o n s t r u c t i o n  o f  any s t r u c t u r e s  o r  o the r  encroachments 
t h a t  would shade the  ar ray .  

The OCSA board o f  t rus tees  were e n t h u s i a s t i c  supporters 
of t he  p r o j e c t  and were w i l . l i n g  t o  p rov ide  a  s i g n i f i -  
can t  c o s t  shar ing.  

The f a c i l i t y  a t t r a c t s  hundreds o f  thousands o f  v i s ' i t o r s  
each year ,  g i v i n g  a  PV system h i g h  pub1 i c  v i s i b i l i t y  

The p r i n c i p a l  design t o o l  was the  SOLCEL computer program. The 

program was mod i f i ed  t o  accommodate t h e  use o f  r e f l e c t o r s ,  non-uniform 

i l l u m i n a t i o n  o f  t he  v e r t i c a l  e x t e n t  o f  the  module and the  end e f f e c t s  

in t roduced by the  f i n i t e  E-W l e n g t h  o f  t h e  r e f l e c t o r s .  It was a l s o  

mod i f i ed  t o  pe rm i t  an accurate rep resen ta t i on  o f  p o l y c r y s t a l l i n e  s i l i c o n  

c e l l  performance. 
2- 1 



The major  design va r iab les  i n c l  uded module t i 1  t angle, r e f 1  e c t o r  

t i 1  t angle, module row spacing, r e f l e c t o r  row extension i e n g t h  ( t o  reduce 

non-uni form end e f f e c t s ) ,  ser ies-para1 1  e l  connect ions w i  t h i  n  the  modules, 

source c i r c u i t  vo l  tage, energy storage a1 te rna t i ves ,  and buy-back r a t e  

s t r u c t u r e  o f fe red  by the  area u t i l i t y ,  Oklahoma Gas 6 E l e c t r i c  t o .  (OGBE). 

Eva1 u a t i o n  c r i t e r i a  were p r i m a r i l y  based upon the  correspondence between 

system ou tpu t  and f a c i l i t y  l o a d  p r o f i l e ,  and t h e  bus-bar energy c o s t  based 

upon 1982 c o s t  goals. 

Under Phase I, two system s i z e  op t ions  were designed, one a  350 

k W p  system and an a1 t e r n a t i v e  150 kWp design. Due t o  t h e  fund ing  l i m i t a -  

t i o n s ,  t h e  Department o f  Encrgy se lec ted  the  150 kWp design. Dur ing Phase 

11, t he  system ou tpu t  was reduced t o  a  nominal 135 kW peak t o  conserve 

funds. 

Table 2-1 summarizes the  major system, subsystem and component 

a7 te rna t i ves ,  evaluated and selected.  

2.2 SYSTEM OBJECTIVES 

The system o b j e c t i v e s  were derived f rom the PRDA 38 gu ide l ines ,  

an assessment o f  PV and r e l a t e d  technology, the  phys ica l  c h a r a c t e r i s t i c s  of 

t h e  s i t e  and t h e  1  oad demand p r o f i l e  f o r  the  f a c i l  iu. 

Furthermore, SAI had proposed t o  u t i l i z e  the  emerging po ly -  

c r y s t a l  1  i ne s i l  i c o n  photovol t a i c  c e l l  techno1 ogy f o r  several reasons. 

P o l y c r y s t a l  1  i n e  c e l l  s  and modules had h i t h e r t o  been produced on a  1  i m i  t ed  

1  abora tory  scale.  The product ion  experience a t t a i  nab1 e  i n  manufactur ing a 

l a r g e  q u a n t i t y  promised subs tan t i a l  c o s t  reduc t ions  f o r  f u t u r e  p r o j e c t s .  

Simp1 i c i  ty , h i  gh re1 i ab i  1  i ty and economy i n  i n s t a l  1  a t i  on and 

ope ra t i on  were adopted as system o b j e c t i v e s .  These o b j e c t i v e s  l e d  t o  t h e  

design o f  a  low vol tage,  h i g h  c u r r e n t  module; t he  i n c o r p o r a t i o n  o f  f a c t o r y -  

i n s t a l  l e d  module i n te rconnec t i on  w i res  w i t h  mat ing  connectors; a  b i a s  

i n d i c a t i n g  c i r c u i t  i n  t he  modules; and r e f l e c t o r  augmentation o f  t he  PV 

modul es. 



Tab1 e 2-1. System, Subsystem, and Component A1 ternat ives 

lSUt Q M T M T I V E S  0 CMIOOLCD 

Module Ser ies lPara l le l  r 72 Cel ls  i n  Series r Reduces b e n f l t  of r e f l ec to r .  hot  spots r 6 Str lngs of 12 c e l l s  
Interconnections l i k e l y ,  h igh losses, h igh cost  o f  w d u l e  wi th  ce l l -by-ce l l  

interconnect$ pa ra l l e l  l s o  

r 6 Str ings o f  12 c e l l s  each r Retains bene f i t  of r e f l ec to r  but  docs not 
r l ~ l l m l z e  losses 

r 6 Str ings o f  12 c e l l s  w i th  c e l l -  ' r  Retains benef i t  o f  r e f l ec to r  and mlnimlzcs 
by-cel l  pa ra l l e l  i s o  losses 

Methods t o  Mi t igate  r P a r a l l e l l v  r Retains bene f i t  of r e f l ec to r  and reduces a Mariarn i n t r a d u l e  
Transients the e f f ec t s  o f  f a i l u res  and non-unifom para l le l ism 

i l l m i n a t i o n  

r Bypass diodes a Y i l l  reduce the e f f ec t s  of reverse bias. r Bypass diode in tegra l  t o  
and c e l l  and module f a i l u re  a d u l e  

r Blocklng diodes r Y i l l  prevent forced reverse cur rent  i n  r E loc t i ng  diode a t  end of 
e n t i r e  s t r i n g  s t r i n g  

a Extended re f l ec to r  r Y l l l  mi t igate  hot spot g c n r r a t i m  due t o  r Ref lec tor  extended i f w t  
end e f f ec t s  

Array S ize lOr ienta t ion a Module angle LO to 55 degrees r Angles chosen based on the lowest busbar r Module angle 30 degrees S 
energy cost 

r Reflector angle 21 to 39 degrees a Ref lec tor  angle 39 degrees 9 
r Shading angle 21 t o  31 degrees r Shadlng angle 25 degrees 

r Shading angle 21 t o  31 degrees r Array size--1512 modules 

P a e r  Conditioning r Manufacturers: 
A1 ternatives -- Y i n b o r t s  r Y l n b o r t s  i s  the l eas t  expensive r Ylndrorks 

-- Yestinghouse r Yestinghouse I s  best performer a t  a r e  
than f i ve  t i e s  the pr ice 

-- Garrett  a Garre t t  i s  a standard WS s y s t m  ( l m r  
p e r f o i n m e .  higher p r i ce )  

r Range l i m i t  o f  lnput  v o l t a y  r ) l a x i u a  p m r  po ln t  voltage varies wi th  r l npu t  voltage range r 20 
0 t o  20 percent t npe ra tu re  and i nsn la t i on  percent - 

Ar.:'a~ C l r r u l l  Bcriyi l  r s t r i n g  length 64 t o  120 mdu l v r  length  dlct,ntcd by own g i q u f t  syste. r 84 eodules/String 
voltage of less  than 600 V.  

Electrical Enerw Smrage r No StvrPge t o  1MO kwh storage r Battery storage i s  not cost-effective r YO Storage 

C w l i n g  Al ternatives One-sideftw-side natural r one-side reduces output due t o  higher r T a - s i d e  natural 
convection t e p ~ r a t u r e  convection 

r Fins r Expensive and difficult t o  in tegrate  
i n t o  design 

r Tans r Expensive @nd energy in tens ive 

r Fins and Fans r Expensive, difficult t o  in tegrate  i n t o  
aecign and energy I r ~ l c ~ ~ , l r e  

System concepts r Match projected (19811 stmner r Mtches load expected h e n  s y s t a  i s  @ Mtches load i n  win ter  
ptak l w d  c m i s s i o n e 4  

Match present s-r peat load r mtches cur rent  load 

r Watch present d n t e r  p t k  load a M i l l  only retch load i n  win ter  but  rill 
be a smaller s y s t m  



A system ou tpu t  t h a t  matched the  f a c i l i t y  ' l o a d  p r o f i l e  as c l o s e l y  

a s . p o s s i b l e  was a l so  adopted as a  system ob jec t i ve .  The r e f l e c t o r  tilt 

angle, combined w i t h  t h e  module t i 1  t angle, provided an a d d i t i o n a l  degree 

o f  freedom i n  shaping the  output  p r o f i l e .  

2.3 SITE DESCRIPTION 

The main s t r u c t u r e  i s  the  K i r k p a t r i c k  Center, a  precast  concrete 

s t r u c t u r e  approximatley 61 m x 126.8 m (200 f t  x  416 f t ) ,  w i t h  the l ong  

dimension running c x a c t l y  t - W .  The v e r t i c a l  d is tance from the main f l o o r  

t o  the  r o o f  sur face i s  10.7 m (35 ft), and the  e s s e n t i a l l y  f l a t  r o o f  i s  

1.07 m (42 Inches) below the  v e r t i c a l  wa l l s .  The r o o f  s t r u c t u r e  i s  made up 

o f  p recast  concr.cllt! " d o u b j ~  t . ~ "  sect ions. The b u i l d i n g  i s  adjacent t o  the 

L i n c o l n  Park Zoo,. i n  t h e  nor theastern p a r t  o f  Oklahoma City. There are no 

v e r t i c a l  obs t ruc t i ons  n k i r  the bu i ld ing . -and the  l a n d  t o  the  south and the 

eas t  i s  e i t h e r  p a r t  o f  t h e  zoo o r  pub1 i c  park. 

The r o o f  was .designed t o  support subs tan t ia l  loads and requ i red  

no s t r u c t u r a l  m o d i f i c a t i o n s  t o  accommodate the  PV system. One hundred 

twenty-e ight  double-dome s k y l i g h t s ,  each nominal ly  .61 m (2  f t )  hiqh, on 

the  r o o f  imposed a  requirement f o r  a  low p r o f i l e  array,  c a r e f u l l y  l oca ted  

t o  minimize shading o f  t he  s k y l i g h t s .  

The a c t i v i t i e s  w i t h i n  the  b u i l  d ing  i nc lude  hands-on dynamic 

e x h i b i t s  t h a t  demonstrate physical  laws and s c i e n t i f i c  p r i n c i p l e s ,  a  p lan-  

etariun!, a r t  e x h i b i t s ,  an a i r  and space museum, and f a c i l i t i e s  f o r  meetings 

of s c i e n t i f i c  and c u l t u r a l  groups. While the  scope o f  t he  a c t i v i t i e s  i s  

dynamic, t he  e l e c t r i c a l  1  oad p r o f i l e  i s  dominated by requirements f o r  

hcat i r~y ,  a i r  c o n d l t l o n i n g  and l i g h t i n g ,  and i s  p red ic tab le .  The f a c i l i t y  

i s  open throughout t h e  year  from 10 AM t o  5 PM Monday through Saturday, and 

12 PM t o  5 PM on Sundays. 



2.4 DESIGN OVERVIEW 

A s i m p l i f i e d  b lock diagram o f  the PV system i s  shown i n  F igure  2- 

1. Both the l a r g e r  350 kWp and the  smal ler  135 kWp systems, the l a t t e r  
constructed dur ing  Phase 11, are  s i m i l a r  i n  schematics and a l l  essen t ia l  

design features,  except t h a t  t he  smal ler  vers ion  has a s u b s t a n t i a l l y  

reduced capac i ty  f o r  power feedback t o  t h e  i n t e r f a c i n g  u t i  1  i ty system. 

SWlT CHGEAR 

160 LVA tWVERTER 160 k V A  

F igu re  2-1. S i m p l i f i e d  System Concept and Block Diagram 



The i n s t a l l e d  system c o n s i s t s  o f  1512, 65 cm (25.6 inches)  by 

128.5 cm (50.6 inches)  po l y -S i  So lar  c e l l  modules w i t h  the  t o t a l  PV f i e 1  d  

r a t e d  a t  a  design value o f  106 kW a t  25'~. A r e f l e c t o r  augmentation o f  
P  

1.35 t o  1 peak enhances system ou tpu t  t o  a  nominal 140 kW The modules 
P  ' 

and r e f l e c t o r s ,  t i 1  t e d  r e s p e c t i v e l y  30 degrees t o  the  south and 39 degrees 

t o  t h e  nor th ,  a r e  separated by about 30 cm (11.75 inches)  a t  the  base t o  

p rov ide  easy access between the  rows o f  PV modules and r e f 1  ec tors .  A Wind- 

works Synchronous inver te r -based power c o n d i t i o n i n g  system (PCS) prov ides 

AC power o f  the  des i red  q u a l i t y  (phase, frequency, harmonic d i s t o r t i o n )  as 

w e l l  as a l lows i n t e r f a c e  w i t h  l;he l o c a l .  u t l l i ' t y  a t  t he  OCSA main 

swi tchgear.  

The s t r u c t u r e  suppor t ing  PV modules and r e f l e c t o r  m i r r o r s  was 

f a b r i c a t e d  from standard shapes o f  carbon s t e e l .  The s t r u c t u r e  was l a r g e l y  

p r e f a b r i c a t e d  i n  t he  shop. The bas ic  s t r u c t u r a l  module supported e i g h t  PV 

modules and e i g h t  r e f l e c t o r  panels. Some s i x  and f o u r  u n i t  modules were 

r e q u i r e d  t o  adapt t he  row leng ths  t o  obs t ruc t i ons  on the  r o o f .  The s t ruc -  

t u r a l  modules a r e  at tached t o  the  r o o f  s t r u c t u r e  by te lescop ic  foundations 

t o  account f o r  t he  v a r i a t i o n s  i n  t he  p i t c h  o f  the  r o o f .  Th is  prov ided a  PV 

a r r a y  f i e l d  w i t h  a l l  s t r i n g s  having equal e leva t i ons  a t  t he  top, 'a f ea tu re  

deemed essen t i a l  t o  o b t a i n  maximum advantage from the  r e f l e c t o r  m i r o r  aug- 

menta t ion  and t o  min imize non-uniform ill uminat-ion e f f e c t s .  

The system, as i n s t a l  l e d ,  i s  designed t o  p rov ide  approximately 

200 MWh i n  annual e l e c t r i c ' a l  ou tpu t  (about  20 percent. o f  t he  1981-82 pro-, 

j e c t e d  l o a d ) ,  o r  rough ly  120 b a r r e l s  o f  o i l  equ iva len t ,  

Phase f a c t i v i t i e s  i nvol v i  ng systems ana lys i s  , design , and com- 

ponent develupnent and t e s t i n g  r e s u l t e d  i n  a  unique system design f o r  the  

OCSA and other  r e l a t e d  a p p l i c a t i o n s .  The unique r e s u l t s  o f  Phase I 

i n c l  uded : 

The development and t e s t i n g  o f  l a r g e  p o l y c r y s t a l l i n e  
s i l i c o n  s o l a r  c e l l  modules w i t h  10,cm x  10 cm ( 4  i n .  x 
4 i n . )  square c e l l s .  



e A module design n o t  on l y  w i t h  h igh  packing dens i ty ,  b u t  
a1 so w i t h  h igh  e f f i c i e n c y  , 1 ow vol  tage-high c u r r e n t  
operat ion,  ready f a u l  t i d e n t i f i c a t i o n ,  and simp1 i c t y  o f  
i n s t a l  1  a t i on .  

A module w i t h  h igh  r e l f a b i l i i t y  because o f  maximum 
para1 1  e l  ism o f  i n t e r c e l l  connections. 

a A module proven f o r  i t s  ruggedness t o  severe env i ron-  
mental cond i t i ons  t y p i c a l  o f  t he  l a r g e  p a r t  of the  
Un i ted  States.  

e A system w i t h  a  low p r o f i l e  and equi'pped w i t h  easy 
access f o r  opera t ion  and maintenance, adequate sensors 
f o r  data c o l l e c t i o n ,  and an independent pub1 i c  d i sp lay .  

A combinat ion o f  module and r e f l e c t o r  t i l t angles t o  
produce an annual power ou tput  p r o f i l e  s i m i l a r  t o  the  
f a c i l i t y  demand p r o f i l e ,  w h i l e  min imiz ing  the  c o s t  o f  
power product ion.  

The p o t e n t i a l  f o r  c o s t  reduc t i on  through po l y -S i  s o l a r  
c e l l  techno1 ogy devel opment, the  economic r a m i f i c a t i o n s  
of which have become i n c r e a s i n g l y  es tab l ished.  

The experience der ived from u t i l  i ty feedback arrange,- 
ments t o  help e s t a b l i s h  a  standard f o r  s i m i l a r  arrange- 
ments throughout the  country .  

The system f a b r i c a t i o n ,  i n s t a l l  a t i o n  and opera t ion  du r ing  Phase .' 

I 1  o f  the  p r o j e c t  prov ided a  considerable l e a r n i n g  and experience data base 

i n c l u d i n g  the  i d e n t i f i c a t i o n  o f  s p e c i f i c  problem areas t h a t  can be avoided 

i n  the  development and implementat ion o f  s i m i l a r  systems and components i n  

the f u t u r e .  The sec t ions  t h a t  f o l l o w  descr ibe major key elements o f  the 

system, I t s  per-rormance c h a r a c t e r i s t i c s ,  p rob l  ems that. were encountered 

du r ing  the  imp1 ementation o f  the  Phase I 1  program and the  app rop r ia te  sol  u- 

t i o n s  app l i ed  t o  achieve an ope ra t i ng  system t o  prov ide  long- term exper- 

ience i n  t he  operat ion,  maintenance and eva lua t i on  o f  a l l  hardware. 



SECTION 3 

MAJOR SYSTEM ELEMENTS 

3.1 PHOTOVOLTAIC MODULES 

Key design fea tu res  o f  the  modules, summarized below, were d i c t -  

a ted by the  system ob jec t ives :  

Large square, 10 cm x  10 cm ( 4 "  x 4 " ) ,  pho tovo l ta i c  
c e l l s  were used t o  achieve h igh  packing dens i ty  and 
thereby reduce s t r u c t u r e  cos ts .  

Pol y c r y s t a l  1  i ne c e l l  s  were used t o  expl o i  t the  emergi ng 
technology and t o  f o s t e r  f u t u r e  reduced cos ts .  

100 percent  p a r a l l e l  c e l l  in te rconnect ions  were used 
t o  compensate f o r  the  non-uniform ill umi na t i on  from 
r e f 1  ec to rs  du r ing  s p r i n g  and f a l l .  

The modules were conf igured f o r  low vo l  tage-high cur -  
r e n t  t o  minimize the number o f  source c i r c u i t s  and the  
f i e l d  cab1 ing .  

I n t e g r a l  p i g - t a i l  s  w i t h  mat ing connectors were prov ided 
t o  reduce f i e l d  w i r i n g  costs.  

a An LED, an i n d i c a t o r  o f  the  b i a s  s ta tus  o f  the  module, 
was incorpora ted  t o  f a c i l  i t a t e  easy, f a s t  t r oub le -  
shoot ing. 

The p r i n c i p a l  module p a r t s  a re  shown i n  Table 3-1. The 

module c o n s t r u c t i o n  i s  presented i n  F igu re  3-1. The module supers t ra te  

i s  5 mn (3/16") h igh-st rength,  water-whi te tempered g lass.  The 

re1 a t i v e l y  heavy g l  ass was requ i red  because o f  the  h a i l  environment. 

A t y p i c a l  module I - V  curve i s  shown i n  F i g u r e  3-2. The f i l l  

f a c t o r  f o r  the  p o l y - s i  modules i s  much lower than t h a t  f o r  modules made up 

from s i n g l e  c r y s t a l  s i l i c o n  c e l l s .  As a  r e s u l t  o f  the  s o f t  I - V  curve f o r  

p o l y - s i  modul es the  system performance i s  re1 a t i v e l y  i n s e n s i t i v e  t o  small 

dev ia t i ons  from the  peak power vol tage.  More d e t a i l  on the  e l e c t r i c a l  

c h a r a c t e r i s t i c s  o f  the modules i s  conta ined i n  Sect ion  5 .  





F i g u r e  3-2. Typ i ca l  Module I-V Curve as Received from Manufacturer 

3.2 REFLECTORS 

An extensive t r a d e o f f  ana lys i s  o f  r e f l e c t o r  ma te r i a l  and con- 

s t r u c t i o n  showed s i l v e r e d  glass r e f l e c t o r s  t o  have the  bes t  l i f e t i m e  c o s t  

b e n e f i t  r a t i o  desp i te  t h e i r  re1 a t i v e l y  h igh  f i r s t  'cost.  

The r e f l e c t o r s  se lec ted  were made up o f  two l a y e r s  o f  3 mn (1/8") 
f l o a t  g lass.  The i n n e r  sur face o f  the  t o p  l a y e r  i s  s i l v e r e d ,  and the  

s i l v e r  i s  p ro tec ted  by a  p l a t e d  l a y e r  o f  copper and a  c o a t i n g  o f  organic 

ma te r i a l  . The two g l  ass 1  ayers are  bonded together  w i t h  v i n y l  . The con- 

s t r u c t i o n  i s  much l i k e  automotive sa fe ty  glass. The r e f l e c t f v i t y  o f  the 

m i r r o r  i s  g rea ter  than 85 percent  when clean. Performance est imates were 

based upon a  r e f l e c t i v i t y  o f  75 percent  t o  account f o r  sur face f o u l i n g .  



R e f l e c t o r  Augmentation E f f e c t s  

The c o n t r i b u t i o n  o f  t h e  r e f l e c t o r s  i s  d i f f i c u l t  t o  p r e d i c t  by any 

c losed  form method. F igu re  3-3 shows the  l o c a l  apparent noon e f f e c t s  o f  

t h e  r e f l e c t o r s  w i t h  regard  t o  d i r e c t  i n s o l a t i o n .  Curve A shows t h e  per-  

centage o f  d i r e c t  normal i n s o l a t i o n  i n c i d e n t  on t h e  modules w i thou t  con- 

s i d e r i n g  the  e f f e c t s  o f  the  r e f l e c t o r s .  Curve B shows the  percentage o f  

Curve A t h a t  would be r e f l e c t e d  onto t h e  modules i f  the  r e f l e c t o r  sur faces 

were p e r f e c t .  Curves C and D show t h e  percentage o f  d i r e c t  normal i n s o l a -  

t i o n  i n c i d e n t  on t h e  module sur faces assuming r e f l e c t i v i t i e s  o f  0.75 and 

0.85, r e s p e c t i v e l y .  

The non - i so t rop i c  na tu re  of d i f f u s e  i n s o l a t i o n  makes any assump- 

t i o n s  regard ing  r e f 1  e c t o r  augmentation o f  d i f f u s e  1  i g h t  suspect. To f i r s t  

o rder ,  t h e  m i r r o r s  rep lace the  backs o f  t he  n e x t  row south w i t h  an image o f  

t h e  sky, and t h e  modules "see" t h e  same p o r t i o n  o f  t h e  sky which they would 

i f  t h e r e  were no row t o  t h e  south. The modules t o  t h e  South b lock  14 

percent  o f  t h e  sky. Thus, t he  d i f f u s e  enhancement would be about 14 per-  

c e n t  f o r  p e r f e c t  r e f l e c t o r s ,  and 12 percent  and 11 percent ,  respec t i ve l y ,  

f o r  m i r r o r s  w i t h  r e f l e c t i v i t i e s  o f  0.85 and 0.75. 

Figure 3-3a. Ref lec to r  E f f e c t s  f o r  D i r e c t  Normal I n s o l a t i o n  
\ a t  Loca l  Apparent Noon 



- . reflector 

X = Lw*sin ( 2 B r - ~ ) /  sin (E-Br) 

Figure 3-3L. ' ~ e o r n e t r ~  for Calculating Reflector Enhancement 



F i g u r e  3-3c. Ca lcu la t ion  of  R e f l e c t o r  Enhancemen t  
Versus Time of Y e a r  

So  1 a r  S o l a r  E l e v a t i o n  Enhancemen t  P e r c e n t  
D a t e s  D e c l i n a t i o n  a t  Noon* at 80% R e f l e c t a n c e * *  

* s o l a r  e l eva t ion  above  t h e  hor izonta l  at noon c a n  be  c a l c u l a t e d  a s  follows: 

. 

L = l a t i t ude  = 35.4' in Oklahoma C i t y  
D = solar  dec l ina t ion  ang le  depending on  t i m e  of yea r  

0 E = solar  e l eva t ion  a t  noon = 90  + D - L. 

D e c  22 -23.45' 31.2' 0% 
J a n  2 1 , Nov 22 -20 34 .6  0 
F e b  9 ,  Nov 3 -15 39.6  0 
F e b  2 3 ,  O c t  20 -10 44 .6  0 
Mar  8 ,  O c t  6 - 5 49 .6  0 
Mar 21 ,  S e p  2 3  0 54.6 2.7 
Apr 3 ,  Spp 10 5 53.6 10 .9  
Apr 1 6 ,  Aug 28  10 64.6 19.1 
May 1 ,  Aug 1 2  15  69.6 27.4 
May 2 1 ,  Jcll 24 2 0 74.6 36 .0  
J u n  22  23 .45  78.1 42.6 

** T h e  e n h a n c e m e n t  p e r c e n t  is t h e  t h e o r e t i c a l  a m o u n t  of d i r e c t  beam radia t ion  r e f l e c t e d  
f r o m  t h e  mi r ro r  o n t o  t h e  a r r a y ,  expressed  as a p e r c e n t  of d i r e c t  beam radia t ion  inci- 
d e n t  on  t h e  a r r a y  when no r e f l e c t o r  is present .  The e n h a n c e m e n t  p e r c e n t  at noon can 
b e  c a l c u l a t e d  a s  follows: 

r e f l e c t o r  pel,cerit: r e f l ec t iv l ry  = 8 0 %  
0 co l l ec to r  t i l t  angle  = 3 0  

r e f l e c t o r  t i l t  ang le  = 39' 
0 walkway-re la ted  t i l t  ang le  = 25 

r e f l e c t o r  t o  co l l ec to r  l eng th  r a t i o  

6 inR /sir\ B = .79 c r 
walkway t o  r e f l e c t o r  l eng th  r a t i o  

sin Br / t an  R - cns R - -57 s I 
0 solar  e l eva t ion  ang le  = 9 0  + D - L 

E P  = e n h a n c e m e n t  p e r c e n t  

= R/s in  (E+Bc) * (Lr/Lc) * [sin (E-Br) - (Lw/Lc) * sin (2B, - E)]  

f o r  2Br - B L E L 2 B r ,  
S 

= 0 f o r  E 4 2 B r  - B . 
S 



3.3 SUPPORTING STRUCTURES 

The 1 ow p r o f i l e  o f  t h e  module a r r a y  f i e l d  1 ayout  a1 lowed t h e  use 

o f  a simple, l i g h t w e i g h t  suppor t  s t r u c t u r e .  The system uses standard s t e e l  

shapes which were e f f i c i e n t l y  p re fab r i ca ted .  The s t r u c t u r e  was b u i l  t o f  

subassemblies, w i t h .  each u n i t  designed t o  h o l d  e i g h t  modules and e i g h t  

r e f l e c t o r  m i r r o r s .  The bas i c  dimension o f  each subassembly i s  5.17 m (16 

f t  11.5 inches)  i n  t h e  E-W d i r e c t i o n  and 2.64 m ( 8  f t  and 7.75 inches)  i n  

t he  N-S d i r e c t i o n .  F igu re  3-4 shows a view, 1 ooking west, o f  a t y p i c a l  N-S 

cross sec t i on .  The he igh ts  o f  t h e  suppo r t i ng  columns vary t o  s u i t  t he  

drainage s lopes on t h e  r o o f  (see paragraph 4.1 f o r  f u r t h e r  d e t a i l  ) .  The 

pr imary E-W members a re  7 1 b channel s, 24.9 cm (9.8 inches)  i n  depth. A 

number o f  four-module and six-module subassemblies were a l s o  used t o  

p rov ide  t h e  r e q u i r e d  row lengths .  

Figure 3-4. Typical N-S Cross Section, Looking West, of the 

Supporting Col unns 



The Solarex modul es have no metal frames. Therefore, each edge 

was enclosed i n  a v i n y l  g laz ing  gasket, and the  module he ld  i n  p lace w i t h  

hold-down s t r i p s  which compress t h e  gaskets, as shown i n  F igu re  3-5. 

ARRAY W I RING. 3 . 4  

The modul e-to-modul e i nterconnect ion was accompl ished by simply 

i n te rconnec t ing  t h e  module p i g - t a i l  s. The connectors used were "CAMLOCK" 

J -Ser ies  (Empire E l e c t r i c  Co. 1. They were overs ized f o r  t h e  a p p l i c a t i o n  ( a  

600 Ampere connector f o r  an 18 Ampere requirement).  However, no o ther  con- 

nec to r  having t h e  requ i red  capac i ty  t h a t  was a l s o  UL l i s t e d  f o r  outdoor use 

cou ld  be located.  

a8 1 1" STAINLESS 
STEEL FLAT HEAD 

ALUM. L 46" I %" I 'A" 

MACHINE SCREWS 

S O U R  COLLECTOR 

Ei +&- 1 / 5 1 "  CLEARANCE 

S O U R  COLLECTOR 

L l " x 1 ' x H "  

1 /32"  CLEARANCE 

Figure 3-5. Support Structure Module Hol d-Down S t r i  p ' s . 
Typical End. and 1 n G l o r  



Each o f  t he  four  l a r g e  s t r i n g  power c o l l e c t i o n  (SPC) boxes 

l o c a t e d  on the  roof ,  i s  equipped t o  te rminate  and p a r a l l e l  f i v e  source 

c i r c u i t s .  A b lock ing  diode mounted i n  a  heat  s ink  was provi-ded f o r  t h e  

p o s i t i v e  end of each source c i r c u i t ,  as shown i n  F igures  3-6 and 3-7. AWG# 
8 conductors were r u n  i n  condu i t  from the  end o f  each source c i r c u i t  t o  one 

o f  t h e  SPC boxes. A p a i r  of AWG# 4 conductors was run  from each o f  t h e  

f o u r  SPC boxes t o  t h e  e l e c t r i c a l  equipment room. 

Figure 3-6. PV Array F i e l d  Layout I l l us t ra t ing  String/ 

SPC Box Location 



WAKCFIELD TYPE 421K fl (wrrr  slvr  

MOUNTING DETAIL ' 
NOT 70 SCALE 

1. h - 1  boa wlth ).MI board. m l n  bus bars, copgcr. s l z r d  for slnqlr Dlusr. t h r n  -In. 480 volt. 
225 4 w .  W n l r r  to It r i q l r  polr. 0 1 t  on clrcuit  brtakrrr. A11 w n l s  am bot tm fed. 
C r o d  I s  c a c t r d  to thr r m l r r  bus. 

2. L l # h t n l q  a m s t o r .  

Figure 3-7. Str ing Power Collection Box Detai l  

A simp1 i f i e d  schematic o f  t h e  systein i s  S ~ I O W I I  ill Fiyur-e 3-8. The 

DC switches a r e  fou r -po le  225 molded case switches w i t h  shunt t r i p s .  Two 

poles are  se r ies  connected on each path t o  prov ide  s u f f i c i e n t  t o t a l  gap t o  

i n t e r r u p t  up t o  600 VDC. A d e t a i l  o f  t h e  switches i s  shown i n  F igu re  3-9. 
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Figure 3-8. OCSA PV System Simp1 i f i e d  Schematic 
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F igure  3-9. Swftch betail 

I n  the equipment room the output  from the SPC boxes were pa,ral- 

l e l e d  t o  form two sub-array c i r c u i  t s  (n ine branch c i r c u i t s  each). Each 

sub-array c i r c u i t  terminates i n  a two-gang double pole c i r c u f t  breaker w i t h  

a remote operat ing solenoid. The two gangs are connected i n  para1 l e l  t o  

prov ide the gap needed t o  i n t e r r u p t  the nl: voltage. The outputs o f  the 
breakers a re  pa ra l l e l ed  and routed t o  the PCS. 

There i s  no main array breaker o r  switch. Instead* a c o n t r o l l e r  
t h a t  permits simul taneous operat ion of the two sub-array breakers i s 

provided. Three remote push-button switches permit  operation o f  e i t h e r  o r  

both sub-array breakers. 



3.5 POWER CONDITIONING SYSTEM 

. s 

The power cond i t i on ing  system i s  a  GEMINI s i x -po le  i n v e r t e r  man- 

ufactured by WINDWORKS, Inc .  The p r i n c i p a l  reason f o r  i t s  choice was t o  

ga in  experience w i t h  an inexpensive u n i t  i n  a  l a r g e  PV system. I n  a d d i t i o n  

t o  i t s  re1 a t i v e l y  1  ow cost ,  i t s  i n p u t  vo l  tage , i s  h igher  than more e labora te  

Power Condi t i o n i  ng systems (PCS'  s )  , p e r m i t t i n g  1  onger source c i r c u i t s  

( s e r i e s  s t r i n g s  o f  modules). A r e s u l t  o f  us ing  l onger  source c i r c u i t s  i s  

t h a t  a  fewer num,ber' o f  them, J s  recjui red, p r o v i d i n g  a  p ropo r t i ona l  reduc t i on  

i n  the  number o f  conductor and condu i t  runs. No i nc rease i n  conductor s i z e  

over t h a t  requ i red  f o r  a  1  ower vo l  t a g e  source c i r c u i t  i s  necessary s ince  

the  c u r r e n t  i s  f i x e d  by the  module c h a r a c t e r i s t i c s .  The n e t  , . .  b e n e f i c i a l  

e f f e c t  i s  t he  reduc t i on  i n  f i e l d  w i r i n g  cos ts .  1 t s  p r i n c i p a l  disadvantage. 

i s  t he  power f a c t o r  which i s  a  f u n c t i o n  o f  t he  r a t i o  o f  t he  DC i n p u t  v o l t -  

age t o  the  maximum design ope ra t i ng  vol tage.  F igure  3-10 shows t h e  power 

f a c t o r  vs. i n p u t  vo l tage.  The e f f i c i e n c y  as a  f u n c t i o n  o f  the  percentage 

o f  f u l l  l o a d  c u r r e n t  i s  shown i n  F igu re  3-11. 

Figure 3-10. PCU Power Factor vs. Input Yo1 tage 



(L OF HILL LOAD CURRENT 

F i  gure '3-11. Power Condi t i o n e r  E f f i c i e n c y  versus Percent  o f  Full  Load 

It i s  poss ib le  t h a t  t h e  power f a c t o r  cou ld  become unacceptable 

under some. cond i t i ons  o f  peak power t rack ing .  Accordingly,  a  constant  

vo l tage  c o n t r o l  c i r c u i t  board, which can be s ~ ~ b s t . i t u t e d  f o r  the  peak power 

t r a c k i n g  c i r c u i t  board, was a1 so procured. I f  necessary, t h e  c i r c u i t  can 

be used and t h e  vo l tage se lec ted t o  prov ide  the des i red  power f a c t o r .  

Dur lng  Phase 111, i t  w i l l  be used t o  acqu i re  data on t h e  constant  vo l tage 

mode of operat ion.  

The PV a r ray  was 1  i m i t e d  t o  a  se r ies  c o n f i g u r a t i o n  t h a t  would n o t  

exceed 600 V under open c i r c u i t  cond i t ions .  Th is  permi t ted  the  use of 

cable, condu i t ,  t e rmfna t ion  hardware, switchgear and o ther  components 

approved f o r  use under t h e  low vo l tage category (600 V o r  l e s s )  o f  t h e  
Nat iona l  E l e c t r i c  Code. An open c i r c u f  t vo l tage greater  than 600 V would 

have requ i red  upgrading o f  a l l  components t o  meet t h e  requirements o f  t h e  

Nat iona l  E l e c t r i c  Code f o r  h i g h  vo l tage  systems. The r e s u l t a n t  PCS output  

vo l tage  i s  361 VAC. A combinat ion i s o l a t i o n  and step-up transformer pro- 
duces t h e  480 V ou tput  t o  the  u t i l i t y  t i e  p o i n t .  



3.6 SYSTEM INSTRUMENTATION 

The ins t rumen ta t i on  was designed t o  comply w i t h  the  un i fo rm data  

requirements f o r  PRDA systems and t o  permi t  e f f i c i e n t  opera t ion  o f  t he  OCSA 

system a f t e r  removal o f  the  GFE o n - s i t e  data a c q u i s i t i o n  system (ODAS). 

Two inst rument  modules are  prov ided t o  i n t e r f a c e  t h e  power com- 

ponents o f  t he  PV system w i t h  the  ODAS and t o  d i s p l a y  key parameters. Both 

were manufactured by Ohio Semitronics. Funct ional  diagrams o f  t h e  DC and 

AC modules a re  shown i n  F igu re  3-12 and F igu re  3-13. The AC module has 

Figure 3-12. DC Instrunentation Module 
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Figure 3-13. AC Instrumentation Modul e 

two e s s e n t i a l l y  i d e n t i c a l  sec t ions ,  one t o  moni tor  the  ou tpu t  o f  the  PCS 

and t h e  o the r  t o  mon i to r  t h e  u t i l i t y  power t o  the  f a c i l i t y .  Only t h e  i n -  

s t rumenta t ion  t o r  t h e  PCS' ou tpu t  i s  shown i n  Fi-gure 3-13. 

The ins t rument  .modul es a r c  sel f -centa i  tied and a re  n o t  dependent 

on t h e  ODAS. A1 1  analog outputs  t o  the  ODAS are ' accessib le through j acks  

on t h e  f r o n t  panel t o  p e r m i t  mon i to r i ng  o f  the  parameters by means o f  a  
. . 

a vo l tme te r  o r  a  c h a r t  recorder .  

The meteornl ngi ca1 i ns t r i rmentat i  on i s the standard QFE cunf 1 gura- 

t i o n  prov ided f o r  a1 1  PRDA-38 p r o j e c t s .  An add i t i ona l  pyranometer, s e t  a t  

t he  modul e  angl e  o f  30°, i s a1 so i n c l  uded. 

Three PV modules a r e  instrumented w i t h  14 temperature sensors 

each. 1 he purpose o f  t he  h igh  dens i t y  placement i s  t o  p rov ide  data on the  

temperature d i  s t r i  b u t i  ons d u r i n g  per iods  of non-uni form r e f 1  e c t o r  augmenta- 

t i o n .  F igure  3-14(a,b) shows the  placement of the  temperature sensors and 

a diagram o f  t h e  sensor c i r c u i t .  



Figure 3-14a. ~t iennistor Locations on Back Surface o f  Modules 
(Each Square Rcipresents One P V  Cell ) 

TO 
ODAS 

SCANNER 

Figure 3-14b. Thermistor Monf t a r  Circuf t 



Prec is ion ,  matched thermis tors  a re  used t o  avo id  the  problems 

f r e q u e n t l y  encountered w i t h  thermocouples. I n  scanning the  sensors f o r  

each module, t h e  res i s tance  through the  conductors and t h e  cur rent - l . im i  ti ng 

r e s i s t o r  i s  f i r s t  read and recorded. Th is  va l  ue i s  subtracted from t h e  

readings o f  each sensor t o  y i e l d  the  res is tance. .of  each thermis tor .  

The c u r r e n t  1  i m i  t i n g  r e s i s t o r  i s  no t  requ i red  d t h  the  ODAS since 

the  low l e v e l  o f  t h e  sensing cu r ren t  and t h e  sho r t  mon i to r i ng  i n t e r v a l  

p r e c l  ude any s i g n i f i c a n t  sel  f -hea t ing  . o f  t he  thermis tor .  However, i t  i s  

prudent  t o  use one s ince t h e  sensors may be monitored by o ther  means a f t e r  

removal o f  t h e  ODAS. 



SECTION 4 

DESIGN CHANGES DURING IMPLEMENTATION 

The system design was completed i n  d e t a i l  dufi.ng Phase 1. Except 

f o r  one change t o  accommodate a discrepancy i n  the  f a c i l i t y  "as-,buil t" 

drawings, no changes would have been requ i red  t o  implement the design. 

However, several va l  ue engineer ing changes were made, and ex terna l  f a c t o r s  

r e s u l t e d  i n  a requirement t o  re loca te  the  equipment room and t o  modify the  

PV a r ray  1 ayout.  

4.1 VALUE ENGINEERING CHANGES 

4.1.1 S t r u c t u r a l  Support Foundations 

The f a c i l ' i t y  r oo f  i s  no t  a t r u e  plane. F igu re  4-1 i l l u s t r a t e s  

the  slopes a long N-S p r o f i l e s  on t y p i c a l  p o r t i o n s  o f  the roo f .  The 

o r i g i n a l  concept f o r  foundat ion c a l l e d  f o r  each support t o  be t a i l o r e d  i n  

he igh t  t o  s u i t  i t s  p o s i t i o n  on the  NOS 1 ine .  Th i s  was t o  produce a t r u e  

plane f o r  the ar ray .  I n  a d d i t i o n  t o  the  re1 a t i v e l y  1 arge number o f  s izes  

F i g u r e  4-1. Roof Profiles ( V e r t i c a l  Scale Exaggerated) 

4 - 1 



requ i red ,  i t  was found t h a t  t he  r o o f  conformation was on ly  approximate. 

T h i s  may be inhe ren t  i n  precast  concrete s t ruc tu res  o f  the  OCSA type. . 

A design change was proposed by the  general con t rac to r .  The sup- 

p o r t s  were made up o f  two te lescop ic  p ipe  sect ions, t he  lower sec t ion  

hav ing a  f l  ange f o r  bo l  ti ng t o  the  concrete and the  upper sec t ion  a  p l a t e  

t o  which the bas ic  s t r u c t u r a l  guides were attached. The lower sect ions 

were i n s t a l l e d  f i r s t ,  and the  upper sect ions were i n s t a l l e d  t o  form a  un i -  

form plane. Th is  requ i red  a  s i g n i f i c a n t  amount o f  f i e l d  welding bu t  the  

n e t  c o s t  was somewhat l e s s  than determining the  he igh t  o f  each column by 

survey, separate f a b r i c a t i o n s ,  e t c .  

4.1.2 Power Mon i to r i ng  Ins t rumenta t ion  

The o r i g i n a l  ins t rumenta t ion  p lan  provided f o r  separate sensors 

t o  measure each parameter f o r  t h e  DC and AC c i r c u i t s .  Ohio Semit ronics 

produced a  design t h a t  provided a l l  requ i red  d i sp lays  and outputs by i n t e -  

g ra t i ng .  t he  ins t rument  modules and shar ing sensor and s ignal  cond i t i on ing  

u n i t s .  There was no s i g n i f i c a n t  reduct ion  i n  c o s t  f o r  equipment, b u t  i n -  

s t a l  1  a t i o n  and checkout were simp1 i f i ed . ,  

4.2 DESIGN MODIFICATION 

The design o f  t he  a r ray  support ing s t r u c t u r e  was based on the  

f a c i l  i ty as-bu i l  t drawings. Dur ing the design development task, a  cursory 

check o f  these drawings had been made b u t  no d e t a i l e d  survey was under- 

taken. Dur ing i n s t a l l a t i o n ,  i t  was found t h a t  a  r a i s e d  sec t ion  o f  the  r o o f  

was about 40 cm (16 inches)  w ider  i n  the  N-S d i r e c t i o n  than shown on the  

drawi ngs. 

The s o l u t i o n  was r e l a t i v e l y  simple. The bas ic  s t r u c t u r e  members 

had s u f f i c i e n t  s t reng th  t o  t o l e r a t e  being can t i l eve red  20 cm (8 inches) t o  

p e r m i t  placement o f  t he  foundat ions on the  p o r t i o n  20 cm ( 8  inches) n o r t h  

o f  t h e i r  design 1  ocat ion.  



Hinds igh t  c l e a r l y  shows the  desi  r a b i l  i ty o f  ana lyz ing  the  design 

f o r  a1 1  c r i t i c a l  in te r fe rences,  and on-s i  t e  v e r i f i c a t i o n  o f  the  correctness 

o f  the  a s - b u i l t  drawings w i t h  regard t o  such i n te r fe rences .  

4.3 CHANGES DUE TO EXTERNAL FACTORS 

Over the  pas t  few years, t h e  scope o f  a c t i v i t i e s  i n  the  

K i r k p a t r i c k  Center has grown several f o l d .  While t h i s  expansion can be 

considered . benef i c i  a1 w i t h  regard t o  the  pub1 i c  exposure o f  the  photo- 

vo l  t a i c  system, i t '  d id ,  however, c rea te  c e r t a i n  problems. The i n t e r n a l  

coord i  n a t i o n  o f  d i ve rse  a c t i  v i  t i e s  i ncl  ud i  ng a1 1  oca t i on  o f  space t o  new 

e x h i b i t s  and communications o f  day-to-day dec is ions  became both cumbersome 

and in fo rmal  . As a  consequence, du r ing  the  i n t e r v a l  between compl e t i  on o f  

t he  design and the  award o f  the  general c o n s t r u c t i o n  con t rac t ,  an a i r  and 

space museum was i n s t a l l e d  on the second f l o o r  which inc luded the  space 

a1 l oca ted  e a r l i e r  f o r  t he  PV e l e c t r i c a l  equipment room. Fur ther ,  two a i r  

c o n d i t i o n i n g  u n i t s  were i n s t a l  1  ed on the  r o o f  t o  se rve  the  museum; these 

i n t e r f e r r e d  w i t h  the  planned l o c a t i o n  o f  one d)  t he  source c i r c u i t  

s t ruc tu res .  

I t  was necessary t o  ass ign a  new space f o r  t h e  equipment room and 

t o  modi fy  the  s t r u c t u r e  1  oca t i on  f o r  one source c i r c u i t .  Four drawings had 

t o  be rev i sed  and i t  was necessary t o  delay the  c l o s i n g  pe r iod  f o r  general 

c o n t r a c t o r  b ids .  

Th i s  probl.em cou ld  have been avoided by ensurfng c e r t a i r i  e a r l y  

ac t ions .  F i r s t ,  a  t i m e l y  r e c o g n i t i o n  should have been g iven t o  the  degree 

o f  decentra l  i z a t i o n  and in fo rmal  i ty o f  ac t i ons  i n  space a1 1  oca t i on  and 

p lann ing  t h a t  were a t  t he  t ime i n  e f f e c t  w i t h i n  OCSA. The a v a i l a b i l i t y  o f  

a S A I  p r o j e c t  member on-si  t e  a t  the  center  t o  represent  t he  p r o j e c t  i n  t he  

day-to-day dec i s ion  making would have been very b e n e f i c i a l  . Second, a1 1  

OCSA personnel i nvo l ved  i n  p lanning f o r '  t he  f a c i l i t y  should have been more 

thoroughly and c o n t i n u a l l y  acquainted w i t h  the  s p e c i f i c  d e t a i l  s  ' o f  t h e  PV 

sys tern. 



SECTION 5 

IMPLEMENTATION EXPERIENCE 

i 

5.1 MODULE PERFORMANCE AND DELIVERY 

The o r i g i n a l  module s p e c i f i c a t i o n  was f o r  a 61 cm x 122 cm ( 2  f t  

x 4 f t )  module w i t h  an average power ou tpu t  o f  70 wa t t s  a t  2 5 ' ~  and AM1 

i n s o l a t i o n  o f  1,000 w/m2. Solarex had developed a p roduc t ion  capac i t y  f o r  

10.2 cm x 10.2 cm ( 4  i n  x 4 i n )  c e l l s  which r e q u i r e d  a l a r g e r  module t o  

s u i t  t he  balance o f  t h e  s p e c i f i c a t i o n s .  As a r e s u l t ,  Solarex requested a.  

change i n  t h e  s p e c i f i c a t i o n  t o  p e r m i t  use o f  t he  l a r g e r  module. 

An ana l ys i s  o f  t he  c o s t  impact  i n d i c a t e d  an inc rease i n  s t r u c t u r e  

c o s t  per module o f  about 11 percent .  Th i s  was acceptab le ,  i f  t he  module 

ou tpu t  was 11 percent  g rea ter .  Whi le Solarex i n d i c a t e d  c o n f i d e n ~ e  t h a t  

77.7 wat ts  per  module was a t t a i n a b l e ,  they  were r e l u c t a n t  t o  accept t h a t  

s p e c i ' f i c a t i o n  u n t i  1 t h e i r  p roduc t ion  techniques were proven. 

A s a t i s f a c t o r y  agreement was a r r i v e d  a t  on the  f o l l o w i n g  bas is :  

e SAI ' s  genera l  c o n s t r u c t i o n  c o n t r a c t  would c a l l  f o r  a 
bas i c  s t r u c t u r a l  and e l e c t r i c a l  package f o r  18 source 
c i r c u i t s  and f o r  op t i ons  f o r  a 19 th  and a 20th source 
c i r c u i t .  The 18 source c i r c u i t s  would meet system 
requi rements i f  t h e  average module ou tpu t  was equal t o  
or% yveater. than 77.7 wat ts .  I f  the  average ou tpu t  was 
l e s s  than 77,.7 W ,  b u t  equal t o  o r  g rea te r  than 73.7 W, 
19 source c i r c u i t s  were requ i red .  I f  the  average 
module o u t p u t  was l e s s  than 73.7 W, 20 source c i r c u i t s  
were requ i red .  

e The module c o n t r a c t  c a l l e d  f o r  a t o t a l  o f  117,000 wa t t s  
i n  1512, 1596 o r  1680 modules, w i t h  a p r i c e  per module 
such t h a t  t h e  t o t a l  system c o s t  (modules, s t r u c t u r e  and 
w i  r i  r ~ g )  would be equal . The average power- ou tpu t  was 
t o  be determined by t h e  performance o f  t he  f i r s t  300 
modules. Th is  r e s t r i c t i o n  was necessary t o  pe rm i t  
exerc ise  of t he  op t i ons  f o r  t he  19 th  and 20 th  branch 
c i r c u i t  s t r u c t u r e s  be fo re  t h e  general c o n t r a c t o r  
completed the  i n i t i a l  s t e e l  f a b r i c a t i o n .  



The module del i v e r y  schedule was delayed due t o  e a r l y  product ion 

problems. P o l y c r y s t a l  1 i n e  c e l l  modules w i t h  e f f i c i e n c i e s  o f  about 11. per- 

c e n t  (based on t o t a l  c e l l  area)  had been produced on a  small scale dur ing  

Phase I. However, the  average e f f i c i e n c y  o f  the  e a r l y  p roduct ion  inodules 

was on the  order  o f  7 percent .  

To min imize an adverse impact on the i n s t a l l a t i o n  schedule, the  

p r o j e c t  mon i to r  a t  DOE-Albuquerque consented t o  q u a l i f i c a t i o n  t e s t i n g  o f  

modules which were d e f i c i e n t  i n  power output .  These. modules were t o  be 

qual i f i e d  w i t h  respect  t o  t he  mechanical and e l e c t r i c a l  t es ts  except l t ~ d l ;  

t h e  resu l  t s  o f  these qual i f  i c a t i  on t e s t s  would apply t o  power ou tput  o f  t . h ~  

product ion  modules en a  ~ e l a t i v s  bdsis on ly .  The eventual acceptance o f  

bo th  the qual i f i c a t i o n  t e s t  r e s u l t s  as w e l l  as the modules f o r  incorpora-  

t i o n  i n t o  t h e  OCSA PV . system was cond i t i ona l  on 'product ion del  i . ver ies  

meet ing o r  exceedi ng .the' average mi nitmum power ou tput .  requ i  rement o f  70 

wa t t s  a t  1 K i l o w a t t  per .  square meter o f  i . l l um ina t i on  and 25O~,  as s ta ted  on 

t h e  previous page. . - ,  

5.2 UTILITY COMPANY PARTICIPATION 

The 16eal e ' l e c t r i c  u t i l i t y ,  Oklahoma Gas & E l e c t r i c  Company 

(OGBE) , was a  p a r t i c i p a n t  i n  t he  p r o j e c t  from the beginning o f  Phase I. A t  
t h a t  t ime there  had been no o t h e r  OG&E gr id-connected customer owned gener- 

a t o r s  and the re  were n e i t h e r  techn ica l  standards ' for the i n t e r f a c e  nor  

appl i c a b l  e  r e g u l a t i o n s  f o r  buy-back of excess energy. 
, , 

OG&E undgrtook the  design of the i n t e r f a c e  between the  PV system 

and the  u t i l i t y  s e r v i c e  t o  t h e  OCSA f a c i l i t y .  The i r  pr imary concern was 

f o r  t he  sa fe ty  o f  personnel work ing  on a de-energized , u t i l  i t y  system'. The 

i n i  t;ial design i nco rpo ra ted  a  mon i to r  t o  measure the  r a t i o  o f  the  t h i r d  

harmonic t o  the  60 Hz fundamental , and a d i a l - i n  f ea tu re  t o  pe rm i t  remote 

query o f  t h i s  i n t e r f a c e  sensor. Since the  t h i r d  harmonic content  o f  the 

PCS ou tpu t  would be much g rea te r  than t h a t  normal ly present  on the  u t i l i t y  

s e r v i c e  l i n e ,  i t  was be1 i eved  t h a t  t he  moni tor  would permi t  p o s i t i v e  de ter -  

m ina t i on  o f  t he  s ta tus  o f  t he  PV-u t i l  i t y  swi tch.  



Subsequent ana lys i s  i n d i c a t e d  t h a t  t h e  i n i t i a l  design was more 

e labora te  than necessary. A p r e l i m i n a r y  f a i l u r e  mode and e f f e c t s  ana lys i s  

o f  t he  PCS c i r c u i t  showed t h a t  t he re  was v i r t u a l l y  no combinat ion o f  

f a i l u r e  t h a t  would r e s u l t  i n  the ou tpu t  o f  AC power i n t o  a  de-energized 

u t i l i t y  1  i n e .  I n  add i t i on ,  t he  step-up t ransformer between the  PCS and the 

u t i l i t y  se rv i ce  prevented the i n t r o d u c t i o n  o f  a  DC component i n t o  the  

u t i l i t y .  

I n  t he  i n t e r v a l  between the  s t a r t  o f  Phase I and the  complet ion 

o f  Phase 11, OG&E had numerous requests f o r  connect ion o f  pr ivate ly-owned 

power sources ( p r i m a r i l y  wind t u r b i n e s ) .  To meet t h i s  demand, they estab- 

l i s h e d  a  standard i n t e r f a c e  f o r  a l l  such devices. The i n t e r f a c e  requ i re -  

ment was very simple -- each system was t o  be connected t o  the  u t i l i t y  t i e -  

p o i n t  by a  sw i t ch  t h a t  cou ld  be locked i n  the open p o s i t i o n ;  such a  sw i t ch  

was,, t o  be accessib le t o  OG&E personnel . a t  a l l ,  t imes; and on l y  OG&E was t o  

have, a  key t o  the  l o c k .  Thi s s  i n t e r f a c e  desi.gn., was used . f o r  the 06SA 

sys tem. . . 

5.3 MODULE MATCHING 

The system c o n s t r u c t i o n  schedule was. based on d e l i v e r y  o f  a l l  

modules p r i o r  t o  the complet ion o f  the  a r ray  s t r u c t u r e  t o  make e f f i c i e n t  

use o f  s i t e  manpower. The i n s t a l l a t i o n  o f  s t r u c t u r e  was near ing  coinplet ion 

y e t  a t  t h a t  p o i n t  i n  t ime on l y  about 35 percent  o f  the modules were 

d e l i v e r e d  t o  the  s i t e .  The delay i n  d e l i v e r i e s  threatened t o  i r i t e r c u p t  

work a t  t he  s i t e .  Wai t ing  f o r  d e l i v e r y  o f  the remaining modules would have 

i n v o l v e d  n o t  on l y  the  removal from and subsequent deployment o f  the con- 

s t r u c t i o n  crew t o  the  s i t e  b u t  a l so  meeting a  demand' by the cons t ruc t i on  

c o n t r a c t o r  f o r  subs tan t i a l  esca la t i on  i n  c o s t  s ince  the remainder o f  the  

modules were expected t o  be a v a i l a b l e  i n  batches o f  100 t o  200 modules a t  a  

t ime cover ing  a  t o t a l  p e r i o d  o f  s i x  months. 

To minimize the  adverse impact o f  1  a t e  del i v e r i e s  of modules i t  

was decided t o  assign modules t o  source c i r c u i t s  us ing  the  s t a t i s t i c a l  d i s -  

t r i b u t i o n  o f  ISc, IMP, and VMp f o r  the  f i r s t  600 modules. I n  doing so, i t  



was assumed t h a t  subsequent d e l i v e r i e s  would have t h e  same d i s t r i b u t i o n  o f  

module e l e c t r i c a l  parameters.  The modul es suppl i ed .  by Sol arex were i n d i  - 
v i d u a l l y  measured t o  determine t h e i r  performance c h a r a c t e r i s t i c s .  These 

measurments were necessary f o r  two. reasons. F i r s t ,  o n l y  modules w i t h  ou t -  

p u t  power a t  1 e a s t  85 pe rcen t  o f  t h e i r  des ign r a t i n g  were acceptable under 

t h e  c o n t r a c t .  Second, performance c h a r a c t e r i  s t i  cs v a r i e d  s i  gn i  f i c a n t l y  . 
Modul es w i t h  s i m i l  a r  performance c h a r a c t e r i s t i c s  were p laced  i n  each s t r i n g  

t o  ensure t h e  most optimum performance. Groups o f  84 modules were ass igned 

t o  source c i r c u i t s  t o  p r o v i d e  n e a r l y  equal c u r r e n t s  f o r  modules w i t h i n  a 

source c i r c u i t  and n e a r l y  equal vo l t age  f o r  each source c i r c u i t .  

Tilt! ~ ~ ~ d l ~ t ~ i r ~ y  W ~ S  c u ~ ~ ~ p l i c a t e d  by the c h a r a c t e r i s t i c s  o f  t h e  p o l y -  

c r y s t a l  1 i n e  modules. F i g u r e  5-1 ill ~~st . ra t .es  t h e  I - V  curves f o r  t w o  t y p i c a l  

modules. Bo th  have approx imate ly  t h e  same peak power c u r r e n t s  and v o l t -  

ages, b u t  markedly  d i f f e r e n t  s h o r t - c i r c u i t  c u r r e n t s .  Had t he  modules been 

matched by ISC, f o r  example, t h e r e  would be mismatch under c o n d i t i o n s  

approaching t h e  maximum power p o i n t .  On t h e  o t h e r  hand, i f  match ing was 

conducted by I t h e  modules w i l l  be mismatched whenever t h e  o p e r a t i n g  

v o l t a g e  was l e s s  than  VMp ( t h e  PCS was equipped f o r  b o t h  t h e  peak power and 

c o n s t a n t  v o l t a g e  o p e r a t i o n s ) .  Therefore,  i t  was necessary t o  match modules 

by u s i n g  bo th  IMP and iSC The p r imary  match ing parameter was IMP and t h e  

secondary parameter was ISC-IMP ( i n  e f f e c t  t h e  s l ope  o f  t he  I - V  cu rve  t o  

t h e  l e f t  o f  t h e  maximum power p o i n t ) .  A m a t r i x  o f  IMP versus ( I S C  - IMP)  

was developed t o  f a c i l i t a t e  g roup ing  o f  modules. T h i s  1 ed t o  a r e l a t i v e l y  

f i n e  degree of  s t r a t i f i c a t i o n  of modules and a t  t imes,  t h e  secondary 

v a r i a b l e  was g i v e n  1 i t t l e  we igh t  i n  t h e  module assignment process.  I n  

a d d i t i o n ,  as de l  i b e r i e s  progressed, t h e  module c h a r a c t e r i s t i c s  changed. 

F i g u r e  5-2 shows a decrease i n  t h e  average IMP t h a t  occur red  as t h e  

d i f f e r e n t  s h i  pments were r e c e i v e d  f rom Sol a rex .  There was a l s o  a 

cor respond ing  i nc rease  i n  t h e  average VMp s i nce  t h e  average power remained 

t h e  same. I n  t h e  f i r s t  shipment t h e  v o l t a g e  a t  max power averaged 5.1  V,  

and by t h e  end o f  t h e  l a s t  shipment i t  was averag ing  5.5 t o  5.6 V .  
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Figure 5-2. Histograms I 1  1 us t ra t ing  the Decrease I n  Maximum 
Current of the Solarex Poly-Si Modules as They 

Were Manufactured' and Shipped. 



Hinds igh t  proved i t  t o  be a  quest ionable dec i s ion  t o  match 

modules on the  bas i s  o f  the  d i s t r i b u t i o n  of e l e c t r i c a l  parameters f o r  the  

f i r s t  600 modules on l y .  A 1  though such an approach was s a t i s f a c t o r y  f o r  an 

incremental assignment, t he  modules del i v e r e d  1  a t e r  had s i g n i f i c a n t l y  d i f -  

f e r e n t  c h a r a c t e r i s t i c s  which made i t  necessary t o  re -ass ign  about 80 

modul es t o  achieve acceptabl e  matching. The change i n  c h a r a c t e r i s t i c s  was 

probably due t o  m a t u r i t y  o f  t he  bu l k  m a t e r i a l  and c e l l  manufactur ing 

processes. However, u n t i l  f u r t h e r  experience i s  gained w i t h  p o l y c r y s t a l -  

1  i n e  module product ion,  t h e  assignment of modules t o  source c i r c u i t s  i n  

advance o f  r e c e i p t  o f  measured data f o r  a l l  modules i s  n o t  recommended. 

Another adverse o f  t h i s  subs tan t i a l  de lay  i n  beginning module 

product ion  and d e l i v e r i e s  t o  SAI was t o  l i m i t  the  s i z e  o f  the  PV system t o  

an a r ray  f i e 1  d  of 18 s t r i n g s .  The SAI1s c o n s t r u c t i o n  c o n t r a c t  c a l l e d  f o r  a  

bas ic  s t r u c t u r a l  and e l  e c t r i c a l  package f o r .  18 source c i r c u i t s  w i t h  op t ions  

t o  be exerc ised f o r  a  19 th  and 20th  source c i r c u i t  should module ou tpu t  n o t  

come up t o  expectat ion,  i .e . ,  77.7 wa t t s  maximum a t  25'~. Work on t h e  

a r ray  support  s t r u c t u r e  c o n t r a c t  was on schedule. S h o r t l y  a f t e r  a l l  r o o f  

pene t ra t i ons  f o r  18 source c i r c u i t  a r ray  f + e l d  had been completed, i t  

became c l e a r  t h a t  t h e  i n i t i a l  p roduct ion  and d e l i v e r i e s  o f  modules would be 

subs tan t i a l  .delayed. The i n i t i a l  p roduct ion  runs were t o  be the  i n d i c a t o r s  

o f  t he  expected power ou tpu t  from the  modules. The 1  ack o f  a v a i l a b i l i t y  o f  

t h i s  data and t h e  necess i ty  t o  complete a l l  r o o f i n g  work p r i o r  t o  the  on- 

s e t  o f  the  w i n t e r  season t o  m i  t i g a t e  any damage f rom leaks  i n  t he  r o o f  t o  

t he  h i g h l y  va luab le  A r t  and Science e x h i b i t s  i n  t he  center  mandated t h a t  

t he  system s i z e  be l i m i t e d  t o  an a r ray  f i e l d  o f  18 source c i r c u i t s .  

5.4 RELATIONS WITH CONTRACTORS 

No s i g n i f i c a n t  cont rac tua l  p rob l  ems were encountered i n  Phase I I. 

A s i n g l e  general con t rac to r  was respons ib le  f o r  a l l  s tee l  f a b r i c a t i o n  and 

e rec t i on ,  roo f i ng ,  e l e c t r i c a l  work, carpent ry  and i n s t a l l a t i o n  o f  SAI pro- 

v ided i tems (modul es, r e f 1  ec tors ,  e l e c t r i c a l  equipment, meteor01 o g i c a l  

s t a t i o n  and i ns t rumen ta t i on ) .  



The r o o f i n g  and s t e e l  f a b r i c a t i o n  subcontractors had union agree- 

ments and t h e  e l e c t r i c a l  subcontractor  was non-union. The modules were 

i n s t a l  l e d  by t h e  s t e e l  e r e c t o r  and t h e  module t o  module in te rconnect ions  

wrlre made by t h e  e l  e c t r i c i a n s .  There were no j u r i s d i c t i o n a l  d i  sputes. 

On-si t e  i nspec t i ons  were prov ided by engineers from the  Benham 

Group, an A r c h i t e c t u r a l  and Engineer ing f i r m  w i t h  o f f i c e s  i n  Oklahoma City. 

The Benham Group was under c o n t r a c t  t o  SAI. The terms and cond i t i ons  o f  

t h e  general c o n s t r u c t i o n  c o n t r a c t  s p e c i f i e d  the  r o l e  o f  t h e  Benham Group t o  

be t h a t  of an owner's rep resen ta t i ve  on s i t e ,  b u t  he was n o t  au thor ized t o  

s i g n  o f f  design o r  i n s t a l  l a t i o n  changes w i thou t  express approval o f  t he  S A I  

p r o j e c t  engi neer . 

Change requests were eval uated f o r  t echn ica l  s u i t a b i l i t y  and c o s t  

impact by rep resen ta t i ves  o f  t h e  .Benham Group and t h e i r  recommendations 

were forwarded t o  SAI f o r  ana lys i s ,  rev iew and approval.  There were very 

few change orders  f o r  a  p r o j e c t  o f  t h i s  s i ze .  

5.5 ROOFING PROBLEMS 

The OCSA f a c i l i t y  has an e s s e t ~ t i d l l y  f l a t  r o o f .  The precast  con- 

c r e t e  r o o f  members are  covered w i t h  l a y e r s  o f  r i g i d  i n s u l a t i n n ,  a b u i l t - u p  

f e l  t and t a r  membrane, a  1  ayer of styrofoam and coarse pebbles. 

I n s t a l l a t i o n  of the  PV system requ i red  i n  excess o f  300 penetra- 

t i o n s  of t he  membrane t o  the  p recas t  concrete members and two penet ra t ions  

through the  concre te  ( f o r  c o n d u i t  and a  hose b i b ) .  The o r i g i n a l  r o o f  was 

o n l y  two y&&r'5 01 d .  

The warranty on t h e  o r i g i n a l  roof would be e f f e c t i v e l y  voided by 

t h e  pene t ra t i ons  s ince  the re  would be no o b j e c t i v e  means o f  p rov ing  t h a t  

t he  l e a k  was a t t r i b u t a b l e  t o  t h e  o r i g i n a l  i n s t a l l a t i o n .  S i m i l a r l y ,  t he  PV 

system general c o n t r a c t o r  woul d  n o t  accept responsi b i l  i ty f o r  1  eaks s ince 



they coul  d  be t h e  f a u l t  o f  the  o r i g i n a l  roo f i ng .  The o n l y  acceptable so l  u- 

t i o n  was t o  rep lace the  e n t i r e  r o o f  membrane. The con t rac tua l  terms 

prov ided a  warranty t o  S A I  ( t h e  "owner") which would be conveyed t o  the  

OCSA board o f  t rus tees  upon complet ion o f  Phase 111. 

5.6 HAIL EXPERIENCE 

Hai ls torms occur i n  t he  Oklahoma City area q u i t e  f r e q u e n t l y .  The 

s i z e  d i s t r i b u t i o n  o f  ha i l s tones  can vary s u b s t a n t i a l l y  from one event t o  

t he  nex t .  The m a j o r i t y  o f  ha i l s tones  i n  t h i s  reg ion  a re  below 4  cm i n  

diameter, a l though ha i l s tones  o f  5 cm ( 2  i n c h )  i n  diameter and l a r g e r  have 

been repor ted .  The recorded data i n  one case even i n d i c a t e d  a  h a i l s t o n e  o f  

about 10 cm ( 4  i n c h )  i n  diameter, repo r ted  t o  be s igh ted  by a  casual 

observer i n  Edmonton, Okl ahoma. 

Dur ing qua1 i f  i c a t i o n  t e s t i n g  several modules were subjected t o  

h a i l s t o n e  impact t e s t s .  The i c e  b a l l s ,  s imu la t i ng  ha i l s tones ,  used f o r  

impact t e s t i n g  v a r i e d  i n  diameter f rom 2.5 cm ( 1  i n . )  t o  7.5 cm ( 3  i n . ) .  

Resu l ts  o f  JPL h a i l s t o n e  impact t e s t s  showed a  n e g l i g i b l e  prob- 

a b i l i t y  of breakage o f  5mm (3116 inches)  tempered g lass  supers t ra tes  by 

about 3.8 cm (1.5 i n . )  diameter ha i l s tones .  A t e s t  conducted w i t h  a  7.5 cm 

( 3  i n c h )  diameter i c e  b a l l  was c l e a r l y  damaging, w h i l e  t e s t s  w i t h  5  cm ( 2  

i n c h )  .diameter i c e  b a l l s  i n d i c a t e d  some p o t e n t i a l  f o r  damage from impacts 

near t he  edges of the  unframed module. The p r o b a b i l i t y  o f  damage from 5  cm 

( 2  i n c h )  diameter ha i l s tones  can be o f  t he  order  o f  0.3 from impacts near 

t he  edge of t he  module, and decreases very r a p i d l y  w i t h  t h e  d is tance of t he  

impact p o i n t  from the  edge. 

The K i r k p a t r i c k  Center i s  l o c a t e d  on t h e  border between a  severe 

and a  moderate h a i l  environment. Extensive ana lys i s  o f  a l l  publ ished data 

and some e x c e l l e n t  s i t e  s p e c i f i c  raw data ob ta ined f rom the  N a t f o n a l  Severe 

Storms Center i n  Norman, Oklahoma i n d i c a t e d  t h a t  t he  r i s k  o f  damage t o  the  

modul es was acceptabl'e. 



On 9 June 1981, a severe h a i l s t o r m  impacted the  Oklahoma City 

area. Stones i n  excess of 7.6 cm ( 3  i n .  ) diameter f e l  i on areas about 80 

km (50 m i l e s )  SW o f  t h e  c i t y .  The system was p a r t i a l l y  i n s t a l l e d  a t  the  

t ime.  A workman who went t o  t he  r o o f  immediately a f t e r  t he  storm passed 

repo r ted  l a r g e ,  approximate ly  3:6 cm ( 1  1/2 in..) diameter stones, about one 

f o r  each 0.37 m2 ( 4  square f o o t )  o f  r o o f  a.rea. N o  modules were damaged. 

Several r e f l  ec to rs  which had been s e t  , i n  p lace  b u t  n o t  bo l  t e d  down, were 

blown o f f  t h e  s t r u c t u r e  by t h e  40 knot  (46 mph) winds and were broken. 

However, no i n s t a l  1 ed r e f l  e c t o r s  were damaged. 

5.7 FAILURE EXPERIENCES 

Three f a i  1 u res  occured' du r ing  the  . i n i  ti a1 ope ra t i  on o f  the  

system. Each i s  descr ibed below. 

5.7.1 PCS I n p u t  F i l t e r  Capaci tor  

Dur ing  t h e  f i r s t  two weeks of operat ion, a 450 VAC 3,100 f d  

capac i to r  (one of two i n  t he  PCS i n p u t  f i l t e r  c i r c u i t )  f a i l e d .  The f a i l u r e  

was presumably caused by vo l tage  s t ress  du r ing  the  e a r l y  hours o f  opera t ion  

before f i n a l  adjustment of t h e  peak power t r a c k i n g  c i r c u i t .  (Vol tage 

excursions of up t o  500 V were observed a t  i n i t i a l  turn-on.  ) .  

5 . 7 . 2  P C S  I n ~ u t  F i l t e r  I nduc to r  

Dur ing  t h e  f o u r t h  week of operat ion,  the 6 mH induc to r  i n  t he  PCS 

f i l t e r  c i r c u i t  developed an i n t e r n a l  shor t .  The i n d u c t o r  i s  wound w i t h  a 
wide s t r i p  o f  sheet copper r a t h e r  than w i t h  w i re .  It i s  probable t h a t  the  

f a u l t  was due t o  a manufactur ing defect o r  mishandl ing du r ing  assembly o f  

thc P C S .  



5.7.3 Short  C i r c u i t s  i n  the  Wi r i ng  o f  Source C i r c u i t  16 

A  s h o r t  c i r c u i t  occurred between the  p o s i t i v e  and negat ive w i res  

o f  source c i r c u i t  16 a t  t h e  p o i n t  where t h e  w i res  .en tered the  1  arge SPC box 

on the  roo f .  The w i res  burned through and me1 t e d  a  1  ength o f  condu i t .  The 

f a i l  u re  was a t t r i b u t e d  t o  inadequate condu i t  support  combined w i t h  t h e  

omission o f  a n t i c h a f i n g  bushings a t  t he  condu i t  o u t l e t .  Subsequent t o  t h i s  

f a i l u r e ,  a n t i c h a f i n g  bushings were i n s t a l  l e d  a t  a1 1 condu i t  out1 e t s .  

5.8 SYSTEM COST SUMMARY 

A  summary o f  system cos ts  i n c u r r e d  du r ing  Phase I - System Design 

and Ana lys is  and Phase 11 - System ~ a b r i c a t i o n ,  Const ruc t ion ,  I n t e g r a t i o n  

and Acceptance Tes t i ng  i s  shown i n  Table 5-1. 



Table 5-1 

System Cost Breakdown, Phases I & I1 Combined 

b 1 

Do1 1  a rs  Percent 

i n  o f  To ta l  

Gost I tcm ( 1000) Cus 1 

System Design & Engi nee r i  ng , 
I n c l  ud i  ng P r o j e c t  Management 405 13.6 

S i t e  Prepara t ion  ( P r i m a r i l y  
Replacement o f  Roof Membrane) 217 7.3 

C o l l e c t o r  & Mi ' r ro rs ,  I n c l  uding 
I n s t a l  l a t i o n  1696 57.0 

Array Foundation, Support ing 
S t ruc tu res ,  Penet ra t ions ,  e t c .  374 12.6 

PCS & Contro l  Subsystem 9 6 3.2 

E l e c t r i c a l  Wir ing,  S w i  tchgear, e t c .  140 4.7 

Ins t rumenta t ion ,  D isp lay  and Miscel laneous 49 1.6 

Tota l  2977 100 
& 



' SECTION 6 

PERFORMANCE SUMMARY 

6.1 INITIAL OPERATION 

I n s t a l  l a t i o n  and system checkout were completed on 11 February 

1982. The Phase I 1  per iod  o f  operat ion l a s t e d  64 days, u n t i l  17 A p r i l  

1982. Dur ing Phase 11, t h e  PV system was up f o r  17 days, e s s e n t i a l l y  a l l  

o f  i t  i n  February 1982, and down f o r  47 days. A l l  downtime was due t o  

f a i l u r e s  i n  the  i n v e r t e r .  The f a i l u r e  o f  the  capac i to rs  caused the  system 

t o  be down f o r  9  days w h i l e  replacements were being shipped. The induc to r  

f a i l u r e  on March 10 caused t h e  system t o  be down f o r  t h e  remainder o f  Phase 

I 1  (38 days) wh i l e  the  i nduc to r  was being re-manufactured. 

6.2 ARRAY PERFORMANCE 

Several anomalies were noted dur ing  t h e  i n i t i a l  pe r iod  of 

operat ion.  The PCS showed an e f f i c i e n c y  i n  excess o f  100 percent and the  

cur rents  from the  two subarrays d i f f e r e d  by as much as 21 percent.  The 

power ins t rumenta t ion  was reca l i b ra ted .  The t o t a l  energy generated du r ing  

Phase I 1  was 5663 KWhr (an average o f  354 KWhr per  day) f o r  t he  16 days t h e  

system was opera t iona l .  Since a l l  system opera t ing  hours were i n  the  

w i n t e r  months when t h e  sun 's  e l e v a t i o n  was too  low t o  e f f e c t  any r e f l e c t o r  

enhancement o f  t h e  a r ray  output ,  t he  energy generated by the  system dur ing  

t h i  s  pe r iod  was essent i  a1 l y  w i thou t  r e f 1  ec to r  augmentation. 

An e x t r a p o l a t i o n  o f  t he  measured power output  t o  2 5 ' ~  and 1,000 
2  W/M under cond i t i ons  o f  no r e f l e c t o r  augmentation provides a value of 

89 kW. This  est imate i s  probably on t h e  h igh  s i d e  s ince some r e f l e c t o r  

augmentation o f  d i f f u s e  i n s o l a t i o n  can be expected i n  a d d i t i o n  t o  d i f f u s e  



r a d i a t i o n  p o t e n t i a l l y  i n c i d e n t  on the  modules due t o  s c a t t e r i n g  from snow 

on t h e  ground d u r i n g  t h i s  p e r i o d  o f  opera t ion .  The measured power 

o u t p u t  o f  t h e  PV a r ray  was s i g n i f i c a n t l y  below t h e  design p o i n t  ou tpu t  o f  

101.5 kW. The PV a r r a y  design p o i n t  ou tpu t  est imates w i t h  and w i thou t  

r e f l e c t o r  augmentation a t  a c e l l  temperature o f  25' C and AM1 i n s o l a t i o n  o f  

1,000w/m2 i n c i d e n t  on the  a r r a y  are  shown i n  Table 6-1. A systematic 

a n a l y s i s  t o  i s o l a t e  t h e  source o f  t he  s h o r t f a l l  was hampered by the  th ree  

f a i l  ures descr ibed e a r l  i e r .  Nonetheless, it appeared v i r t u a l  l y  c l e a r  t h a t  

t h e  PV modules had a much lower  ou tpu t  than t h e  manufac turer 's  t e s t  data 

showed . 

Table 6-1,; Esbimated PV Array2Design Point Output 
a t  25 C and 1,000 W/m Insolation 

The measured power o u t p u t  of t he  PV a r ray  f a l l s  s h o r t  o f  t he  

design value by about 12 percent .  P o t e n t i a l  sources of a f a l s e  i n d i c a t i o n  

cou l  d t h e o r e t i c a l  l y  i nc l  ude: 

4 - 
1512 i n s t a l l e d  modules a t  10 W average per  module 105,840 W - 

@ Mismatch losses  @ 2 percent*  2,117 W 

Bal ance 103,723 

Conductor and d iode losses* 2,200 W 

DC power (no  augmentation) lnl,573 w 

Ref1 e c t o r  augmentation e f f e c t s  (peak )** 

2 800 W/m d i r e c t  i n s o l  a t i o n  ( 3 5  percent )  28,427 W 

200 w/m2 d i f f u s e  ( 1 1  percent )  2,234 W 
To ta l  132,184w 

r . .. I 

* A l l  ou tpu t  l o s s  est imates a re  maximum values based on design parameters. 
**The r e f l  e c t o r  augmentation est imates are  based on a m i r r o r  r e f l  e c t i v i  ty 

o f  0.75. 
J - 



a Modul e fou l  i ng 

a Excessive conductor and diode losses  

a Losses t o  ground 

a Excessive r i p p l e  on the  DC bus 

a Inst rument  c a l i b r a t i o n  e r r o r s  

a Temperature sensor e r r o r s  

The p o t e n t i a l  c o n t r i b u t i o n  from each one o f  these f a c t o r s  t o  the  

s h o r t f a l l  i n  the  system output  i s  b r i e f l y  discussed nex t .  

6.2.1 Modul e Foul i ng 

Atmospheric p o l l u t a n t s  i n  the  Oklahoma C i t y  area appear t o  be 

benign. The modules and r e f l e c t o r s  c o l l e c t  dus t  du r ing  d ry  periods, and 

the  dus t  l e v e l  - was somewhat aggrevated by cons t ruc t i on  work i n  progress 

adjacent  t o  the  s i t e .  However, a f t e r  a r a i n ,  the  r e f l e c t o r s  and most of 

t he  module sur faces appeared c lean.  A "whi te-g love"  t e s t  d i d  n o t  reveal  

res idua l  dus t  on the  apparent ly  c lean surfaces. 

On many o f  t he  modules, a very t h i n  depos i t  o f  c l e a r  RTV on 

p o r t i o n s  o f  the supers t ra te  had become apparent. Th is  was n o t  v i s i b l e  when 

the  modules were new, b u t  t he  depos i t  cou ld  accumulate dus t  and d i r t  which 

pe rs i  s t  a f t e r  washing w i t h  water and commonly avai  1 ab le  c lean ing  sol  vents. 

The dimpled sur face o f  the g lass precludes simple mechanical removal o f  t h e  '" 

depos i t  by scraping. It i s  est imated t h a t  about 50 percent  o f  the  modules 

cou ld  have such depos i ts  w i t h  a t o t a l  area equ iva len t  to the arca o f  one 

c e l l .  

Whi 1 e no accurate computation o f  t he  resu l  t a n t  1 oss i s  p r a c t i c a l  , 
an extreme value f o r  blockage cou ld  n o t  exceed 30 percent  o f  the l i g h t  

2 i n c i d e n t  on the  fou led  areas, and w i t h  about 100 cm d i s t r i b u t e d  over each 

o f  one-hal f  the  modules, the  t o t a l  l o s s  would n o t  be expected t o  exceed 2 

percent  o f  the  ou tput .  



Efforts t o  remove the deposits by mechanical and chemical means 
will continue. Care must be exercised in attempting chemical removal since 
the bonded edge gaskets are of essentially the same material. The presence 
of the deposits . i s  attributed to lack of care exercised during the 
encapsul ation process. 

6 .2 .2  Conductor and' Diode Losses and Losses t o  Ground 

Conductor resistance from the source circuits t o  the string power 
col 1 ecti on boxes (SPC ) , between the SPC boxes and the equi pment room, and 

from the equipment room terminations t o  the PCS were measured. They were 
w l  t h l  n . the specified to1 erances f o r  the size and t ype  o f  conductors used. 

Conductor t o  ground measurements indicated no cab1 e faul  t s .  The t o t a l  

losses attributable t o  the conductors, diodes and circuit  breakers on the 
DC circuits were estimated a t  less t h a n  2.5 kW at  100 kW input t o  the PCS. 

Current flows through the ground points of the system were ' n o t  
yet measured. 

6,2,3 DC Bus Ripple 

Ripple oil the DC bus was observed w i t h  an oscilloscope. The max- 
imum peak-to-peak voltage of any slgnlficant low frequency ripple was 10 V. 

I 

Losses a t t r i  b u t a b l  e t o  r i  ppl e are obviously negl i g i  b l  e. 

I 6.2 .4  Instrment La l i bration 
! - 

The instrumentation for measurement of AC and  DC current and 

voltage was checked and  recalibrated as required. The initial chccks 
indicated too high an output for the PCS o u t p u t  currents. The main DC bus 
voltage sensor appeared t o  have an intermittent error of about  10 percent, 
b u t  this has no t  been observed since recalibration. All power instruments 



on the  DC c i r c u i t s  and the  PCS power ou tpu t  c i r c u i t  have been c a l i b r a t e d  

us ing  inst ruments w i t h  to le rances o f  0.05 t o  1.0 percent  o f  read ing .  It 

was est imated t h a t  t he  cumulat ive wors t  case e f f e c t  o f  ca l  i b r a t i o n  e r r o r s  

would be l e s s  than 1.5 percent.  

6.2.5 Tem~era ture  Sensor E r ro rs  

The module temperature sensors a re  "UNI-CURVE" the rm is to rs .  The 

42 sensors i n  the  array read w i t h i n  about one-hal f  degree cent ig rade o f  

each o the r  du r ing  steady-state cond i t i ons  and the re  were no i n d i c a t i o n s  o f  

- f a u l t s .  The sensors are  i n s u l a t e d  from the  c e l l s  by about 2  t o  3 mm (0.08 

t o  0.12 i n )  o f  SYLGARD-184. The thermal c o n d u c t i v i t y  o f  the  encapsulant i s  

.00035 cal/cm2/0~/sec/cm. This should r e s u l t  i n  a  smal l  e r r o r  s ince  the  

heat  d i s s i p a t i o n  o f  the  back sur face o f  the  module i s  t o  r e l a t i v e l y  calm 

a i r ,  and the thermal c o n d u c t i v i t y  o f  the  g lass  supers t ra te  i s  3 t imes t h a t  

o f  the  encapsulant. 

An i d e n t i c a l  t he rm is to r  was coupled t o  the  supers t ra te  d i r e c t l y  

over a  c e l l  t h a t  had one such the rm is to r  on i t s  r e a r  sur face.  Comparison 

of these readings i n d i c a t e d  t h a t  t he  temperature sensors prov ided outputs  

w i t h i n  2 '~ .  Fu r the r  experiments w i l l  be conducted t o  develop c d r r e c t i o n  

curves f o r  the  the rm is to r  t o  take the  i n s u l a t i n g  e f f e c t  o f  the  encapsul a n t  

i n t o  account. 

6.3 PCS PERFORMANCE 

The AC ou tpu t  o f  t he  s i x - p o l e  i n v e r t e r  i s  n o t  a  c lean s i g n a l .  

The SCR swi tch ing  t r a n s i e n t s  caused apparent i n t e r f e r e n c e  t o  c e r t a i n  

e l e c t r i c a l  loads i n  t he  OCSA complex. Charac te r i za t i on  o f  the  no ise  was 

n o t  completed du r ing  Phase 11. I t w i l l  be the sub jec t  of a  spec ia l  t o p i c  

r e p o r t  du r ing  Phase 111. 



The p lanetar ium audio system was the  most se r i ous l y  a f f e c t e d  

l oad .  A p r e l  im ina ry  i n v e s t i g a t i o n  o f  the  e x i s t i n g  fac i1. i  t y  w i r i n g  revealed 

t h e  use o f  p r a c t i c e s  t h a t  cou ld  degrade the  power q u a l i t y  i n  the presence 

o f  conducted and r a d i a t e d  i n te r fe rences .  Cable sh ie lds  had been grounded 

a t  bo th  ends, f r e q u e n t l y  t o  ground p o i n t s  o f  d i f f e r e n t  impedance. I n  some 

cases, the 1 i . gh t i ng  c i r c u i t s  were used as grounds. The a p p l i c a t i o n  o f  good 

sh ie ld ing ,  bonding and grounding p rac t i ces  reduced t h e  i n t e r f e r e n c e  by 

about 85 percent .  F u r t h e r  e f f o r t s  were con t i nu ing  t o  e l im ina te  the 

r e s i d u a l  . 

The PCS e f f i c i e n c y  was e s s e n t i a l l y  as pred ic ted ,  b u t  data a t  the 

desiqn peak power a re  1 gcking because o f  the  low nu tpu t  o f  t.he a r ray  

6 .4  CONCLUSIONS 

A t  t he  near complet ion o f  Phase I 1  t h e  on l y  ser ious  problem the  

system had was the  s h o r t f a l l  i n  i t s  e l e c t r i c a l  ou tpu t .  The source o f  the  

poor a r ray  performance appears t o  be the s h o r t f a l l  i n  module outputs.  F i v e  

modules se lec ted  randomly f rom those a t  OCSA were shipped t o  the J e t  

Proul  s i on  Laboratory (JPL) f o r  power ou tput  measurements. The JPL t e s t s  

showed an average power ou tpu t  12 percent lower than t h a t  i n d i c a t e d  by the  

manufacturers t e s t  data suppl i e d  w i t h  the  module, d e l i v e r i e s .  PV a r ray  and 

module performance eva lua t i ons  would cont inue du r ing  Phase 111 t o  del i n a t e  

t h e  cause o f  and t o  r e c t i f y  t h e  problem of s h o r t f a l l  i n  system output .  
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